The primary aim of this study was to determine if adults whose native language permits neither voiced nor voiceless stops to occur in word-final position can master the English word-final /t/-/d/contrast. Native English-speaking listeners identified the voicing feature in word-final stops produced by talkers in five groups: native speakers of English, experienced and inexperienced native Spanish speakers of English, and experienced and inexperienced native Mandarin speakers of English. Contrary to hypothesis, the experienced second language (L2) learners' stops were not identified significantly better than stops produced by the inexperienced L2 learners; and their stops were correctly identified significantly less often than stops produced by the native English speakers. Acoustic analyses revealed that the native English speakers made vowels significantly longer before/d/than/t/, produced/t/-final words with a higher F 1 offset frequency than/d/-final words, produced more closure voicing in/d/than /t/, and sustained closure longer for/t/than/d/.
INTRODUCTION
Adults who learn a second language (L2) often have difficulty producing consonants that are found in the L2 but not in their native language (L I ). For example, Flege and Davidian (1984) The segmental production errors that were noted appear to have arisen from phonological differences between English and the nonnative subjects' LI. Taiwanese permits/p t k/ but not/b d g/in word-final position (Cheng, 1968) . Spanish is said to have a phonological rule which devoices phonologically voiced stops in utterance-final position. The few word-final stops that do occur in Spanish words tend to be spirantized or omitted (Harris, 1969) .
According to the speech learning model (SLM) developed by Flege, adult learners of an L2 who have received sufficient native-speaker input can master "new" sounds in Predictions of the SLM were also tested by having native English-speaking listeners identify the voicing feature in final stops produced by the native and nonnative speakers.
Previous research suggested that all four acoustic dimensions mentioned above would influence the native English listeners' judgments of stops produced by fellow native speakers of English. This was not tested, however, because there was little variability in the data obtained from the native English speakers, whose/t/'s and/d/'s were identified correctly in most instances. An aim of the study was to assess the perceptual importance of the four acoustic phonetic distinctions produced by the nonnative speakers, whose stops were frequently misidentified. Vowel duration, which serves as a perceptual cue to the voicing feature in word-final stops produced by native speakers of English in utterance-final or prepausal position, was of special interest (e.g., Raphael, 1972; Repp, 1978 The perceptual efficacy of acoustic cues to the/t/-/d/ contrasts produced by the normarive speakers was assessed in multiple correlation analyses. These analyses examined acoustic measurements of minimally paired CVC words produced by the normarive speakers and native English listeners' identifications of final stops in those CVCs. It was hoped that these analyses would provide insight into how listeners process phonetic contrasts that do not fully conform to the phonetic norms of their native language. It is known that foreign-accented speech becomes more intelligible as listeners gain familiarity with it (Wingstedt and Schulman, 1984) , perhaps because the listeners develop "correspondence rules" relating incorrectly implemented sounds onto the intended target-language phonetic categories. Here, we tested the hypothesis that listeners are capable of modifying their use of acoustic cues in phonetic segments produced by nonlmtivc speakera. CVC• were presented in two listening conditions. In the "full cue" condition, the native Englishspeaking listeners heard unmodified versions of the eve words. In an "edited" stimulus condition, any energy pres- Native and nonnative talkers produced minimally paired CVC words. The CVCs were low-pass filtered at 4.8 kHz and digitized at 10.0 kHz with 12-bit amplitude resolution. After preparation (see below), half of the CVCs were presented to native English-speaking listeners who identified word-final stops as/t/or/d/.
All of the CVCs were examined acoustically; then the acoustic measures were related in correlational analyses to the listeners' judgments of CVCs for which both acoustic and perceptual data were available.
A. Talkers
Five males and five females in each of five groups, all of whom were recruited through advertisements in the university newspaper or personal contacts, participated as talkers. All of these subjects were living in Birmingham, AL, at the time of the study. Subjects in the native English group were monolingual native speakers of American English with a mean age of 28 years. Five were from Alabama, and one each was from South Dakota, Missouri, Washington, DC, Ohio, and Tennessee. The native Spanish subjects came from several countries in Central and South America (Colombia--9, Nicaragua--2, Puerto Ricoh2, Chiles2, Bolivia--l, Honduras-I, Venezuela--l, Guatemala--l, Argentina--l). Those in the "experienced" group had lived in the US longer than those in a relatively "inexperienced" group (9.0 vs 0.4 years on the average). Half of the native Mandarin speakers were from mainland China, the rest from Taiwan. The "experienced" Mandarin subjects had lived in the US longer than those in the "inexperienced" group (5.5 vs 0.9 years).
A native Mandarin research assistant verified that all of the Chinese subjects, including those from Taiwan, spoke Mandarin as their native language.
All of the nonnative subjects had learned English as an L2 in adulthood. The relatively experienced and inexperienced L2 learners differed little in chronological age and amount of formal education in English. However, as summarized in Table I F 1 of J•etfrequency was measured from formant tracks such as those for three minimally paired English words shown in Fig. 1 . These words were spoken by one of the native English subjects. As expected from previous research, the offset frequency off I was much the same in beat-bead and bit-bid, but it was higher in bat than bad. The formant tracks in each word were obtained by performing a series of LPC analyses using 14 coefficients for male talkers and 12 coefficients for female talkers. A 12.8-ms Hamming window was moved in 5.0-ms steps through each CVC waveform. A peak-picking algorithm identified the first five peaks in the smoothed LPC spectra. Peaks were then assigned by algorithm to formants. This last step was fully automatic for most tokens, but user intervention was needed for some tokens. For example, the formant tracks had to be hand edited when a peak that should have been assigned to F2 was incorrectly assigned to F 1 because no peak in the F 1 region was identified by the peak-picking algorithm. In other instances, a few spurious data points located between the F 1 and F2 tracks, or between the F 2 and F 3, had to be removed by hand before analysis. The frequency offset analysis, unlike the other acoustic analysis described thus far, was confined to the native speakers of English and the two experienced L2 groups because it was so time consuming.
D. Listening test
Copies of the/bVC/words were edited as described by Flege (1989) . Any energy present in the stop closure interval was removed along with the final release burst, if there was one. The edited stimuli therefore contained no acoustic information pertaining to lingual constriction or release. As noted earlier, not all stops had release bursts. We reasoned that the effect of editing would be larger for the stops with release bursts than for those without release bursts because more phonetically relevant information was removed from the CVCs that contained release bursts.
To provide an estimate of how many stops contained audible (as opposed to simply visible) release bursts, the first author judged the final stop in the 100 available tokens of beat and bea,t. These words were presented randomly over headphones to avoid biases. As summarized in Table II ity among the ten native English speakers than among the ten subjects in the nonnative groups. For stops presented in the full-cue condition, only six (15%) of the nonnative subjects had A' scores falling within the range of values observed for the native English group. Three of these nonnative subjects were experienced native Spanish speakers of English, two were inexperienced Mandarin speakers of English, and one was an inexperienced Spanish subject. Six (15%) nonnative subjects also had scores falling within the native English range for stops presented in the edited condition: three inexperienced Spanish subjects, two experienced Spanish subjects, and one inexperienced Mandarin subject. One might conclude from this that at least some of the adult L2 learners were able to master the English word-final/t/-/d/ con trast.
Despite the success of certain individuals, many nonnative subjects--including the so-called "experienced" subjects--produced final stops that were very difficult for the native English listeners to identify correctly. The native speakers' stops were correctly identified in 91% of instances in the two conditions whereas the nonnative subjects' stops were identified in only 64% of instances on the average. One might wonder, therefore, if the normatires' stops were produced at above chance rates. Twenty binomial probability tests were carried out to answer this question. An alpha rate of 0.002 for each test resulted in an experiment-wise error 
B. Acoustic analyses
The listening test results failed to support the predictions generated by the SLM (see the Introduction). Both experienced L2 groups differed from the native English speakers; and the final stops produced by the experienced L2 learners were identified no better by the native English Ils-teners than those produced by relatively inexperienced L2 learners. L1 acquisition research has shown that children sometimes produce statistically reliable phonetic differences that go unnoticed by listeners (Maxwell, 1981; Weismer et al., 1981 ) . The purpose of the acoustical analyses presented in this section was to test for between-group differences that might not have been evident to the listeners. The mean duration of vowels produced by each talker in eight/t/-final words was subtracted from the mean duration of vowels in eight/d/-final words. As shown in Fig. 5 , a few subjects in each nonnative group produced a mean "voicing effect" that fell within the range of mean values observed for the ten native English speakers. If we define the English "norm" as the range of values falling within one standard deviation of the native English speakers' overall mean ( 50-123 ms in the present instance), then we could credit 11 (28%) of the nonnative speakers with having mastered the "English" voicing effect. Of these, eight were experienced L2 learners and three were relatively inexperienced L2 learners.
The larger number of experienced than inexperienced L2 learners who mastered the English voicing effect is consistent with the hypothesis that the phonetic contrast between English/t/and/d/is
learnable. An analysis of the ratio of vowel durations preceding/d/vs/t/also supported this hypothesis. It is known that the size of voicing effects produced by native speakers of English vary as a function of overall vowel duration, which may depend on factors such as degree of stress and speaking rate House, 1982, 1988) 
Closure vo•ing
The duration of closure voicing produced by each subject in/bVt/,/bVd/,/sVt/, and/sVd/words was examined in a group X initial consonant Xfinal stop ANOVA. As shown in Fig. 6, there was 
FI offset frequency
The native English subjects were expected to produce words ending in/t/with a higher F 1 offset frequency than 
Discussion
As expected, the native speakers of English made vowels longer before/d/than/t/, produced more closure voicing in /d/ than /t/, produced words ending in/t/with a higher F 1 offset frequency than/d/-final words, and sustained/t/closures longer than/d/closures. The nonnative speakers produced these acoustic distinctions also, but their acoustic differences were usually smaller than the native English speakers'. One exception to this was for stop closure duration. The lack of a significant group X voicing interaction suggested that the nonnative speakers produced as large a closure duration difference between/t/and/d/as the native speakers. Also, the experienced Spanish subjects did not differ from the native English speakers in production of closure voicing in/d/. Finally, when the ratios of vowels in words ending in/d/and/t/were examined, it was found that the two experienced L2 groups did not differ significantly from the native speakers of English.
Some of the nonnative subjects produced more Englishlike acoustic distinctions between/t/and/d/than others.
Of the 40 who were included in the present study, 73% produced a vowel duration difference in words ending in/t/vs One finding obtained in the present study suggested indirectly that phonetic learning may be influenced by lexical frequency. Generally speaking, we found that the nonnative subjects differed more from the native English speakers in producing/d/than/t/. For example, they closely resembled the native English speakers in producing/t/with little or no closure voicing, whereas they typically produced/d/ with less closure voicing than the native speakers of English. The nonnative speakers' vowel durations more closely resembled the durations of vowels produced by the native English speakers in the context of/t/than/d/, something that has been observed in previous L2 production studies (see Flege, 1988a To provide a further test of the attentional allocation hypothesis, we tested the strength of the correlation between vowel duration differences and the A' scores that were obtained for the minimal pairs in both the edited and the unedited conditions. One variable in the two correlational analyses (i.e., vowel duration differences in the 160 minimal pairs) was the same, so we carried out a test of the equality of two related correlations (Kleinbaum et al., 1988) . As predicted, the correlation involving A' scores obtained in the edited condition was significantly stronger than the correlation involving A' scores obtained in the full-cue condition (Z = 2.54, p <0.01 ). Recall that the same vowel duration differences Were available to the listeners in both conditions. Only cues that occurred after constriction of the final stop were removed in the edited condition. This finding therefore suggests that the listeners made greater use of the small, albeit significant, vowel duration differences produced by the nonnative speakers in the edited condition than they did in the full-cue condition.
The finding just presented is very striking when one considers that some of the nonnative speakers produced very small vowel duration differences between words ending in /t/vs/d/. We reasoned that the difference in the strength of correlations obtained in the two listening conditions would have been even greater had we chosen to examine only minimal pairs with relatively large vowel duration differences. To test this, we performed separate analyses of the 80 minimal pairs having the highest A' scores in the full-cue condition and the 80 pairs with the lowest A' scores. These might be called the relatively "intelligible" and "unintelligible" minimal pairs. Vowel duration differences were significantly greater in the intelligible than in the relatively unintelligible minimal pairs (52 vs 22 ms) [F( 1,158) Second, we may have underestimated the nonnatives' ability to produce word-final stops if we did not observe their optimal L2 speech production. Our subjects read isolated CVC words from a list. It was assumed that this would optimize their pronunciation of English by allowing them to "monitor" their speech. This assumption should not be allowed to go unchallenged, however. There is evidence, for example, that nonnatives' spontaneous conversations may sound less foreign accented than their reading of paragraphlength texts (Oyama, 1976) .
Third, the study may have yielded a negative finding because even the experienced L2 learners had not received sufficient phonetic input to master the English/t/-/d/contrust. The experienced L2 learners had, of course, lived far longer in the US than the inexperienced subjects (7.3 vs 0.7 years on the average). However, we believe that L1 acquisition must be considered in attempting to define what constitutes "sufficient" L2 input. Most English-learning children produce a perceptually effective contrast between/t/and /d/in word-final position by the age of five years (e.g., Naeser, 1970; Higgs and Hodson, 1978; Smith, 1979 There is no guarantee, however, that our subjects did receive sufficient phonetic input. Consider, for example, the nonnative subjects' report of using English on average 57% Still another factor that must be considered is the role of foreign-accented input. We suspect that our subjects spoke English with at least some nonnative speakers who failed to distinguish/t/from/d/in word-final position. Perhaps our nonnative subjects would have produced better/t/-/d/contrasts had they received better (i.e., more authentic) English-language speech input. Some of the nonnative subjects may have failed to produce native-like/t/-/d/contrasts because they established phonetic categories defined both by native and foreign-accented/t/and/d/tokens. An effect of foreign-accented input could be ruled out if results comparable to those obtained here were obtained from experienced late L2 learners who had little opportunity to speak their L 1 and no opportunity to speak English with other nonnatives.
We must, of course, face the possibility that the predict- can be mastered by only a smallproportion of adult L2 learners. Our subjects were not selected on the basis of a special ability to pronounce English. The first 40 adult L2 learners who met very broad selection requirements (see Sec. I) were enrolled in the study. Of these, 15% produced a perceptually effective/t/-/d/contrast (that is, showed A' values falling within one standard deviation of the mean A' value obtained for ten native English speakers). In an average of 45% of instances, the nonnatives produced acoustic differences between /t/ and /d/ (in vowel duration, duration of closure voicing, F 1 offset frequency) that fell within one standard deviation of the mean differences produced by the native English subjects. Although it is clear that not all subjects mastered the English/t/-/d/contrast, it seems reasonable to conclude that at least some of them did so.
B. Listeners' perception of foreign-accented stops
As noted earlier, the nonnative speakers produced a much smaller difference in the duration of vowels preceding /d/ vs /t/ than the native speakers of English ( 37 vs 83 ms).
Despite this, a multiple regression analysis revealed that vowel duration accounted for a small but significant amount of variance in the listeners' identification of the nonnative speakers' stops. We hypothesized that the native Englishspeaking listeners would make greater use of vowel duration differences when CVCs produced by the nonnative speakers were presented in an "edited" condition (where closure voicing and release burst cues were absent) than in the original "full-cue" condition. This hypothesis was motivated by three considerations. First, a study by Flege and Hillenbrand (1987) This suggests that the listeners allocated greater attention to preconsonantal cues such as vowel duration and F 1 offset frequency when information pertaining to the constriction and release of final stops was never available in a listening condition. Such flexibility in the face of a varying mix of acoustic cues to a phonetic contrast is just what one would expect given the great variety in speech that arises from differences in dialect, foreign accents, and speaking styles.
The conclusion concerning attentional allocation must be tempered somewhat for two reasons. First, listeners in the present study all participated in the edited condition after participating in the full-cue condition. Perhaps they made greater use of vowel duration in the second condition because they had grown better able to detect small vowel duration differences as the result of their experience identifying stops in the full-cue condition. Second, we did not directly Flege and Hillenbrand, 1987) . As noted earlier, the effect of stop voicing on preceding vowel duration appears to be greater in English than French (Mack, 1982) . One might therefore expect that native English subjects, as the result of their experience with a highly variable/t/-/d/contrast, would be more flexible than French speakers to varying mixes of stop voicing cues. More specifically, one might expect to observe a greater difference in the strength of correlations between vowel duration and perceptual judgments in edited versus full-cue conditions for native English than native French subjects.
In summary, the present study failed to confirm the prediction (Flege, 1992a, b) that experienced native Mandarin and Spanish speakers of English would master the production of/t/and/d/in the final position of English words. Several alternative explanations for this negative finding were offered, but the data at hand did not permit choosing among them. Native English-speaking listeners were shown to make perceptual use of the small but highly significant vowel duration produced by the normarive speakers. A stronger cnrrelation was noted between vowel duration differences p•esent in minimally paired words ending in/d/vs /t/and A' scores obtained for the identification of stops in those words when the words were presented in an edited than in a full-cue listening condition. This was interpreted to mean that '.he listeners made greater perceptual use of vowel duration when acoustic cues pertaining to constriction and release were systematically absent than when those cues were present in the signal.
